Plasma oxygen permeability measures how easily oxygen dissolves in and diffuses through blood plasma. There has long been evidence that artery wall hypoxia plays a role in atherogenesis. This paper reviews the influence that plasma oxygen permeability has on artery wall oxygenation and presents experimental evidence for a relationship between plasma oxygen permeability and clinically significant obstructive coronary artery disease. Thirty-eight inpatients referred for diagnostic cardiac catheterization were scored for active coronary artery disease, and their plasma oxygen permeabilities were measured. There was a statistically significant (p = 0.04) correlation between active coronary artery disease and plasma oxygen permeability. There were also statistically significant differences in mean plasma oxygen permeability both between patients who did and did not have actively progressing coronary artery disease (p = 0.01) and between patients who did and did not have clinically significant obstructive coronary artery disease, whether it was actively progressing or not (p = 0.02). These findings suggest that a decline in plasma oxygen permeability may be one of the many factors associated with progression of atherosclerosis and that substances which increase oxygen permeability might offer a useful adjunct to current therapeutic measures. J Atheroscler Thromb, 2004; 11: 49-55.
Introduction
There has long been evidence that the amount of oxygen arriving at the artery wall has an important influence on whether or not the artery becomes and remains atherosclerotic. For example, in the cholesterol-fed rabbit, systemic hypoxia accelerates atherogenesis, while systemic hyperoxia both slows atherogenesis and, when combined with a return to a normal diet, reverses already established atherosclerotic lesions (1) (2) (3) . In human patients with refractory ischemic ulcers who are treated with intra-arterial infusions of dilute hydrogen peroxide, the infused artery segment distal to the site of infusion has fewer and less severe atheromatous plaques than the proximal, uninfused segment (4) .
The two factors which determine how much oxygen is delivered to the artery wall are the partial pressure of the oxygen carried by the arterial hemoglobin (PaO2) and the transport of this oxygen from the red corpuscles to the artery wall. It is this second factor, the delivery of oxygen from hemoglobin to the artery wall, which is the focus of this paper.
The artery wall is oxygenated from both the vasa vasorum and the arterial lumen, but the inner third receives most of its oxygen from the lumen (3, 5, 6) . Oxygen supplied by the lumen to the artery must cross two layers of plasma which are stationary in the direction in which the oxygen is moving. The first layer surrounds each erythrocyte, and the second is at the artery wall.
The red blood cells seem to be entrained in the plasma such that each is surrounded by a layer which is stationary relative its surface. Even under the extremely turbulent conditions produced in the stopped-flow apparatus used to make the measurement, only a small part of the resistance to transport of oxygen to or from erythrocytes is due to the red cell membrane; at least 70% is due to the enveloping layer of blood plasma (7) (8) (9) .
Turbulence, however, is unusual in the circulatory system. Throughout most of its length, blood flow is laminar, with all points in the flow moving parallel to the vessel wall. The exceptions are at the upper end of the inferior vena cava, near bifurcations or valves, in the vicinity of large plaques which protrude into the lumen, and at the center of the thoracic aorta during peak systole. In all other arteries, the blood is stationary in the direction perpendicular to the vessel wall (10) .
Although the reasons are still a matter of debate, hematocrit diminishes near the vessel wall. There are almost no red blood cells within the first 2-5 µm, and cell density remains reduced 15 µm into the lumen (10, 11) . This reduction in cell density increases the effective distance that oxygen must travel to reach the artery wall, and it has been estimated that a 3 µm layer of plasma doubles the resistance of a red blood cell to oxygen transport (12) .
In order for oxygen to cross these two layers of blood plasma which are stationary in the direction in which the oxygen is moving, it must first dissolve in and then diffuse through the plasma. This combination of solubility and diffusivity has been called "permeability" by some authors and "transmissibility" by others. Since the term "permeability" has historical precedence and has been used more frequently, it will be used here. Permeability, then, is the algebraic product of the solubility of a solute in a solution times the diffusivity of the solute through the solution. P = S × D where: P = permeability S = solubility D = diffusivity.
The Bunsen solubility coefficients for oxygen (O2S) in water and blood plasma at 37 °C and 760 mmHg have been reported to be: O2S (water) = 2.39 × 10 -2 cm 3 (O2)/cm 3 (water) and O2S (plasma) = 2.14 × 10 -2 cm 3 (O2)/cm 3 (plasma), respectively (13) .
The diffusivity of solutes such as oxygen through polymeric solutions such as blood plasma depends on the size, shape, weight and concentration of the dissolved polymers. Diffusion is impeded more by heavy molecules with large cross sections than by light molecules that are long and thin (14) . In small concentrations, molecules that are very long and thin, such as crocetin, the carotenoid pigment in saffron, can even increase diffusivity (15) .
The diffusivities of oxygen (O2D) through water and blood plasma have been measured at room temperature and normalized to 25°C using a correction factor of 2.5%/°C (16 
Subjects
The study group consisted of thirty-eight cardiology inpatients at Letterman Army Medical Center (LAMC). Their ages ranged from 28 to 73. Eight were females, and 30 were males. Informed consent was obtained from all subjects, and the study was reviewed and approved by the Institutional Review Committee of the LAMC Department of Clinical Investigation in accordance with the principles outlined in the Declaration of Helsinki.
Methods
The patients were assigned an active coronary artery disease score (ACAD-x, x = 0 to 6) according to the scale presented in Table 1 . Since we were measuring a parameter which we thought might be involved in active atherogenesis, we needed to distinguish between patients with actively progressing disease and patients who had obstructive lesions from past atherogenesis but whose disease process was not currently active. We, therefore, constructed a scale which is based both on the patients' current cardiac catheterization (cath) and on their past medical history, including any prior cardiac cath.
The lesions identified by the cardiac cath were judged according to how much myocardium they put at risk. This in turn depended on their location and on how much of the lumen they occluded. Lesions which occluded more than 50% of the lumen were generally considered to be obstructive and to endanger the myocardium in their distribution, unless the lumen was unusually large, in which case an occlusion of somewhat more than 50% might still be considered nonobstructive. Obstructive lesions of the major coronary arteries: i.e., the left main, left anterior descending, the left circumflex or the right coronary artery, were considered to endanger large areas of myocardium. Obstruction of minor arteries, such as an obtuse marginal branch, a diagonal branch or a posterior descending artery, were considered to endanger smaller areas of myocardium. We accepted the date of the first cardiac cath as the date of reference, since it marked the time when the patient's disease became sufficiently symptomatic to require invasive intervention. On this basis, both patients undergoing their first cath who were found to have obstructive disease and patients with obstructive disease at cath less than two years ago with progression at the current cath were assumed to have the most active disease process and were given an active coronary artery disease score of ACAD-6. Patients with cath-identified obstruction less than two years ago but without progression at the present cath were considered to be the group with the next most active disease process and were given an active coronary artery disease score of ACAD-5. If patients had cath-proven obstruction more than two years ago which showed progression at the present cath, they were judged to have disease that was progressing, but more slowly than patients whose first cath was less than two years ago, and they were given an active coronary artery disease score of ACAD-4. Patients with cathproven obstruction more than two years ago but without progression at the current cath were assigned an active coronary artery disease score of ACAD-3. Patients whose only obstruction was in a minor artery were given an active coronary artery disease score of ACAD-2. Patients with only nonobstructive disease were assigned an active coronary artery disease score of ACAD-1, and patients with no detectable to very little disease were given an active coronary artery disease score of ACAD-0.
The permeability samples were obtained from the femoral artery during cardiac catheterization. This avoided changes in plasma composition resulting from venous compression (17) . The plasma oxygen permeabilities (O2P) were measured at 37°C and 760 mmHg using a steady-state method first described by Keller (18) , and subsequently modified by Stein (19) and Morgan (20) .
The total cholesterol (Chol), triglyceride (Tri) and total protein (TPro) values were obtained from the standard laboratory tests.
All statistical calculations were made using SPSS Graduate Pack 10.0 for Windows  . The data were analyzed using three different methodologies: Student's tTest, Pearson's product-moment correlation and linear regression.
In order to use Student's t-Test to look for differences associated with both active and all obstructive coronary artery disease, we divided our patients into two groups in two different ways, based on their active coronary artery disease (ACAD-x) scores. To look for differences associated with active coronary artery disease, we made the division between ACAD-3 and ACAD-4. Therefore, patients with scores between ACAD-0 and ACAD-3 were grouped together as not having actively progressing coronary artery disease, and patients with scores between ACAD-4 and ACAD-6 were grouped together as having coronary artery disease which was actively progressing. In a similar manner, we looked for differences associated with obstructive, but not necessarily active, coronary artery disease by making the division between ACAD-2 and ACAD-3. With this division, patients with scores between ACAD-0 and ACAD-2 were grouped together as not having clinically significant obstructive coronary artery disease, and patients with scores between ACAD-3 and ACAD-6 were grouped together as having obstructive coronary artery disease which was clinically significant. Student's t-Test was used to compare the means of the observed parameters for both of these divisions of our patients into two groups.
Pearson's product-moment correlations were calculated for all the data we obtained. Two linear regression analyses were made with ACADx as the dependent variable. The first analysis used O2P, Chol, Tri, TPro and Age as the independent variables. The second analysis combined these five parameters into just two independent variables. As discussed in the next section, we found significant multicollinearity among the variables. In order to diminish the statistical ambiguity introduced by the data multicollinearity, the first regression analysis was reformulated by combining the predictor variables. The first combined predictor variable was permeability divided by the sum of cholesterol and triglyceride (O2P /(Chol + Tri)), and the second combined predictor variable was total protein divided by age (TPro / Age). This yielded the second linear regression analysis which was calculated using these combined variables. Combining collinear predictor variables in order to reduce the effects of multicollinearity on a regression analysis is an established statistical procedure (21) (22) (23) (24) (25) .
In linear regression analyses, the beta values are regression equation coefficients which have been "standardized" so that the regression line passes through the origin and all values fall between 0 and ± 1. Adjusted Rsquared estimates how well the model fits the data. Variance inflation factor (VIF) is a measure of the collinearity of each individual parameter, and condition index is a measure of the multicollinearity of the entire model. A condition index of around 10 indicates multicollinearity which, although weak, may be starting to affect regression estimates. Condition indices of 30 to 100 indicate moderate to strong multicollinearity and indices of larger than 100 indicate serious multicollinearity problems (26) .
Results
All of the data used in the statistical analysis of the relationship between plasma oxygen permeability and active coronary artery disease are given in Table 2 .
The mean plasma oxygen permeability (O2P) was 5.25 × 10 -7 cm 2 /s ± 0.5%. Twelve measurements of the permeability of ordinary tap water to oxygen at 37°C and 760 mmHg were also made. The mean was 6.56 × 10 -7 cm 2 /s ± 0.7%. Table 3 presents the results of using Student's t-Test to compare the means of the observed parameters for the group of patients who did and the group of patients who did not have actively progressing coronary artery disease. All significance levels (p) are 2-tailed, and every p < 0.05 indicates that the difference is significant. Therefore, there were statistically significant differences between the two groups in the means of three of the parameters we measured: O2P, Chol and TPro. Table 4 presents the results of using Student's t-Test to compare the means of the observed parameters for the group of patients who did and the group of patients who did not have clinically significant obstructive coronary artery disease, regardless of whether or not the disease was considered to be actively progressing. All significance levels (p) are 2-tailed, and every p < 0.05 indi- "-" = data that was not available. ACAD-x: active coronary artery disease score, O2P: plasma oxygen permeability, Chol: serum cholesterol, Tri: serum triglyceride, TPro: serum total protein, 1 dl = 100 ml.
cates that the difference is significant. Therefore, there were statistically significant differences between the two groups in the means of two of the parameters we measured: O2P and Chol. With this division, the difference in the mean TPro of the two groups was not significant. Table 5 presents the matrix of Pearson product-moment correlation coefficients and their significance for the data given in Table 2 . As above, all significance levels (p) are 2-tailed, and every p < 0.05 indicates that the correlation is significant. As can be seen, ACAD-x has significant correlations with O2P, Chol, and TPro; O2P has additional significant correlations with Chol and Tri, and Chol has an additional significant correlation with Tri. This network of interlocking significant correlations is called multicollinearity.
The results of the linear regression analysis with ACADx as the dependent variable and using O2P, Chol, Tri, TPro and age as the independent variables are presented in the coefficient matrix below. As can be seen, the resulting model and one of the beta coefficients were statistically significant, but the condition index was unacceptably high. This is a typical consequence of data multicollinearity (26 When a linear regression analysis was made with ACADx as the dependent variable but with combined predictor variables replacing the individual predictor variables, all beta coefficients were statistically significant, the significance of the model, the adjusted R-squared, and the VIF's all improved, and the condition index fell to within the acceptable range. ACAD-x Range: range of the active coronary artery disease scores which define the two groups being compared, N: number of patients in the two groups, Mean: mean of the relevant parameter for each of the two groups, Diff.: difference between the means of the parameters, t: Student's t for the difference of the means, df: degree of freedom for t, p: 2-tailed probability that the difference between the means is due to chance, O2P: plasma oxygen permeability, Chol: serum cholesterol, Tri: serum triglyceride, TPro: serum total protein, 1 dl = 100 ml. ACAD-x Range: range of the active coronary artery disease scores which define the two groups being compared, N: number of patients in the two groups, Mean: mean of the relevant parameter for each of the two groups, Diff.: difference between the means of the parameters, t: Student's t for the difference of the means, df: degree of freedom for t, p: 2-tailed probability that the difference between the means is due to chance, O2P: plasma oxygen permeability, Chol: serum cholesterol, Tri: serum triglyceride, TPro: serum total protein, 1 dl = 100 ml
Discussion
The permeabilities of water and blood plasma to oxygen that were measured at 37°C and 760 mmHg in the present study are within the same general range as the estimates for 37°C calculated from the previously reported diffusivity measurements that were made at 25°C. The differences probably reflect the very approximate nature of the 2.5%/°C correction factor used in calculating the 37°C estimates. We designed our coronary artery disease scale to maximize our ability to identify those factors which are associated with the active progression of coronary artery disease. As it turned out, the factors associated with the active progression of coronary artery disease are very similar to the factors associated with the presence of clinically significant coronary artery disease without regard to whether the disease is actively progressing or not. Perhaps this should not have been a surprise in light of the Framingham study which found great stability in the physiological parameters of their patients over a span of 30 years (27, 28) .
Although analysis of our data by both Student's t-Test and Pearson's product moment correlation suggests a role for O2P in atherogenesis, the multicollinearity of the data makes it difficult to separate the effects of the collinear variables. When Chol goes up, O2P goes down. Are the consequences due to increased Chol, decreased O2P, or both? A better understanding of the relationship between plasma oxygen permeability and atherogenesis might be gained by an experiment which manipulates O2P under controlled conditions.
As has already been mentioned, crocetin enhances the diffusivity factor of permeability, and it has been shown, in cholesterol-fed rabbits, that crocetin reduces atherogenesis (29) (30) (31) (32) . This is the first study to find a relationship in humans between coronary artery disease and the permeability of oxygen through blood plasma. Should additional studies confirm these initial results, they would suggest that increasing a patient's plasma oxygen permeability by treatment with substances such as crocetin might serve as a helpful adjunct to current therapies which focus on lowering a patient's cholesterol levels. 
